Introduction {#S0001}
============

Colorectal cancer (CRC), also known as bowel cancer, is the third most commonly occurring cancer worldwide.[@CIT0001],[@CIT0002] In 2012, CRC accounted for more than 1.4 million new cases and 700,000 deaths globally.[@CIT0003],[@CIT0004] Approximately 30% of CRC patients are diagnosed as stage IV, with a limited median survival of approximately six months if treated only with the best supportive care. Treatments for CRC include surgery, chemotherapy, radiation, or a combination of these. Although significant clinical benefits have been observed with the application of cetuximab and bevacizumab in combination with chemotherapy, CRC morbidity and mortality rates remain high owing to the high invasive capacity and acquired drug-resistance associated with CRC. Therefore, it is urgent that novel, effective, and less toxic anti-CRC drugs are identified.

The canonical Wnt signaling pathway is highly conserved among metazoans and plays an important role in embryonic development and tumorigenesis.[@CIT0005] Aberrant activation of Wnt/β-catenin signaling is observed in approximately 90% of patients with CRC.[@CIT0006],[@CIT0007] Hyperactivation of the Wnt/β-catenin pathway is involved in both the initial and later stages of CRC development, including in tumorigenesis, proliferation, apoptosis, migration, invasion, and epithelial-mesenchymal transition (EMT).[@CIT0008]--[@CIT0010] WNT-protein ligands bind to Frizzled and LRP5/6 membrane receptors to initiate the translocation of β-catenin into the nucleus. Here, β-catenin forms a complex with its co-activators and activates the transcription of downstream target genes such as c-Myc and cyclin D1,[@CIT0011],[@CIT0012] genes that play key roles in tumorigenesis as well as in cell proliferation, invasion, and migration.[@CIT0013] EMT is a complex process through which epithelial cells transform and acquire an invasive mesenchymal phenotype, directly contributing to cancer invasion and metastasis.[@CIT0014] Several studies have revealed that activation of the Wnt/β-catenin signaling pathway can promote cancer metastasis by stimulating EMT dynamic progression,[@CIT0015],[@CIT0016] whereas disruption of the pathway has been suggested to inhibit cell proliferation, metastasis, and EMT in CRC.[@CIT0017] This suggests that targeting the Wnt/β-catenin signaling pathway may be an innovative therapeutic approach for the treatment of CRC.

Herbal medicines show great promise as sources of novel anticancer drugs.[@CIT0018] *Thymus vulgaris* L. is a traditional Chinese herb that possesses multiple biological and pharmacological properties, including antimicrobial, antiseptic, antiviral, and antifungal activities.[@CIT0019] Thymol is a natural phenolic compound originally isolated and extracted from the essential oils of *T. vulgaris*. Thymol is recognized as safe by the FDA and exhibits antispasmodic, antioxidant, antibacterial, and anti-inflammatory activities.[@CIT0020]--[@CIT0022] Importantly, it also has potential effects against various cancer cells.[@CIT0023]--[@CIT0025] Thymol can inhibit cell invasion and migration in HT29 cells through blocking the phosphorylation of ERK2, p38, and Akt,[@CIT0026] and can also promote oxidative stress, leading to cell death in the HCT116 CRC cell line.[@CIT0027] However, the potential mechanisms underlying the antitumor activity of thymol remain unclear.

In this study, we isolated and extracted thymol from *T. vulgaris* and demonstrated that thymol inhibits cell proliferation, invasion, migration, and EMT, while also inducing cell apoptosis and cell-cycle arrest in CRC cells. We further confirmed the antitumoral role of thymol by inhibiting mouse xenograft tumor formation and lung metastasis in vivo. Mechanistically, thymol suppressed the Wnt/β-catenin signaling pathway as evidenced by changes in the expression of downstream genes. Moreover, we showed that the thymol can partly suppress β-catenin-induced EMT. Overall, our findings describe the antitumoral role of thymol in CRC and the underlying mechanisms, thereby highlighting its potential as a novel therapeutic option for CRC.

Materials and Methods {#S0002}
=====================

Plant Material {#S0002-S2001}
--------------

*Thymus vulgaris* L. was collected from Ningxia, China, in June 2018. The identity of the plant was confirmed by Professor Minghua Qiu of the Kunming Institute of Botany, Chinese Academy of Sciences (Kunming, China), where voucher specimens are retained.

Isolation and Determination of the Active Compound {#S0002-S2002}
--------------------------------------------------

The air-dried and powdered form of *T. vulgaris* was extracted with methanol for 48 h at room temperature, and then filtered and evaporated. The extract was partitioned between water and ethyl acetate (EtOAC). The EtOAC fraction was applied to silica gel (200--300 mesh) column chromatography, eluted with a gradient system of n-hexane (Hex)-EtOAc (3:1, 2:1, 1:1, 1:2, 1:3), yielding five fractions (1--5). Active components containing the thymol were eluted in fraction 1. Further separation of fraction 1 was performed by silica gel column chromatography, followed by elution with Hex-EtOAc (95:5, 9:1, 8:2), yielding the fractions containing thymol. The fractions were subjected to silica gel column chromatography using Hex--EtOAc (8:2) and semi-preparative HPLC, yielding thymol. The thymol extracted from *T. vulgaris* was dissolved in 100% dimethyl sulfoxide (DMSO) and stored at −20 °C.

Cell Culture {#S0002-S2003}
------------

Human normal colon epithelial (FHC) cells and two CRC cell lines (HCT116 and Lovo) were purchased from Shanghai Cell Biological Institute of the Chinese Academy of Science and maintained in RPMI-1640 medium (Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (Gibco, Australia) and 1% penicillin--streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C in a humidified incubator with 5% CO~2~.

Cell Viability and Colony Formation Assay {#S0002-S2004}
-----------------------------------------

The effect of thymol on HCT116, Lovo, and FHC cell growth was assessed using CCK-8 assay. Cells were seeded into 96-well plates (1 × 10^4^ cells per well), and incubated until complete adherence. The cells were then treated with a series of thymol concentrations (0, 10, 20, 40, 80, or 120 µg/mL) for the indicated periods (24, 48, or 72 h). CCK-8 (Beyotime Institute of Biotechnology, Shanghai, China) was employed to evaluate cell viability. Optical density at 450 nm was detected using a microplate reader. Cell growth inhibition rates were measured relative to untreated controls, as follows: (1 − \[OD of drug-treated − OD of blank\]/\[OD of control − OD of blank\]) × 100%.

Colony formation assay was used to detect the effect of thymol on colony-forming ability of CRC cells. HCT116 and Lovo cells were plated into 6-well plates (500 cells/well) and treated with thymol at different concentrations (0, 20, or 40 µg/mL) for two weeks until the cells formed visible colonies. The colonies were fixed in 4% paraformaldehyde for 30 min and stained with 0.1% crystal violet. Plates were imaged and colony numbers counted manually.

Transwell Migration and Invasion Assays {#S0002-S2005}
---------------------------------------

Transwell culture units with 8-μm pore-sized membranes were utilized to detect the effect of thymol on the migratory and invasive ability of CRC cells. For the migration assay, cells were resuspended in serum-free medium and 1 × 10^4^ cells were plated into the top chamber. The lower chamber was supplemented with 600 μL of culture medium containing 10% fetal bovine serum. Various concentrations of thymol were added to the upper and lower chambers to a final concentration of 20 or 40 μg/mL. After 24 h of incubation, cells in the top chamber were removed with cotton swabs, and those that had migrated to the lower surface were fixed in 4% paraformaldehyde and stained with 0.1% crystal violet. The stained cells were then observed and counted under a microscope (Zeiss, Germany) at ×100 magnification. For the invasion assay, 2 × 10^4^CRC cells were added into the upper chamber that had been precoated with Matrigel and treated with various concentrations of thymol for 48 h. The rest of the procedure was as for the migration assay.

Hoechst 33258 Staining {#S0002-S2006}
----------------------

HCT116 and Lovo cells were seeded and cultured on sterile coverslips in 6-well plates for 24 h. The cells were then treated with different concentrations of thymol (0, 20, or 40 µg/mL) for 48 h. Subsequently, the cells were fixed in 1 mL of 4% paraformaldehyde for 10 min and then 0.5 mL of Hoechst 33258 staining solution (Beyotime) was added to the cells. Finally, apoptotic cells were detected and photographed using a fluorescence microscope (Zeiss) (×200).

Flow Cytometric Analysis of Apoptosis {#S0002-S2007}
-------------------------------------

HCT116 and Lovo cells were plated in 6-well plates at a density of 5 × 10^5^ cells/well. After 24 h of incubation, cells were exposed to different concentrations of thymol (0, 20, or 40 µg/mL) for 48 h, collected, and stained using an Annexin V-FITC/PI (propidium iodide) apoptosis detection kit (BD Biosciences, Mountain View, CA, USA) for 15 min at 37°C in the dark. The number of apoptotic and necrotic cells was then evaluated using flow cytometry (BD Biosciences).

Cell Cycle Analysis {#S0002-S2008}
-------------------

HCT116 and Lovo cells were grown in 6-well plates and cultured for 24 h and then treated with thymol at different concentrations (0, 20, or 40 µg/mL) for 48 h. Cells were then harvested, fixed in precooled 70% ethanol at 4°C overnight, and stained with PI/RNase staining buffer (BD Biosciences) for 30 min at room temperature. The cell cycle distribution was analyzed and recorded via flow cytometry (BD Biosciences).

Western Blot Analysis {#S0002-S2009}
---------------------

Whole-cell and tissue lysates (pooled tissues from each group) were prepared using RIPA lysis buffer. The concentrations of extracted proteins were calculated using BCA kits (Beyotime). Approximately 50 μg of protein was separated by 8--12% SDS--PAGE and transferred to a PFDV membrane. The membrane was then blocked with 10% skimmed milk for 2 h at 37°C. After blocking, the membrane was incubated overnight at 4°C with the following primary antibodies: anti-E-cadherin (1:1,000), anti-vimentin (1:1,000), anti-β-actin (1:1,0000), anti-cleaved caspase-3 (1:1,000), anti-cleaved PARP (1:1,000), anti-c-myc (1:1,000), anti-Snail (1:1,000), anti-N-cadherin (1:1,000), anti-cyclin D1 (1:1,000) (all from Cell Signaling Technologies, Boston, USA), anti-BAX (1:800), anti-Bcl-2 (1:800) (both from ProteinTech Group, Chicago, IL, USA), and anti-β-catenin (1:5,000; Abcam, Cambridge, UK). Subsequently, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (Abcam) at 37°C for 2 h. Finally, the protein bands were detected using an ECL detection kit (Merck, Millipore, USA).

Total RNA Extraction and RT-qPCR {#S0002-S2010}
--------------------------------

Total RNA was extracted from tumor tissues (pooled tissues from each group) and cells using TRIzol reagent. cDNA was synthesized using the PrimeScript RT reagent kit (Takara, Kyoto, Japan). qPCR reactions were performed on a Light Cycler 480 PCR system using the SYBR Green PCR Master Mix from Takara. The mRNA expression of target genes was normalized to that of GAPDH, and relative target gene expression levels were calculated using the 2^−ΔΔCT^ method. The sequences of the primers used were as follows: Bax: forward, 5′-TTTGCTTCAGGGTTTCATCC-3′ and reverse, 5′-GCCACTCGGAAAAAGACCTC-3′; Bcl-2: forward, 5′-TCGCCCTGTGGATGACTGAG-3′ and reverse, 5′-CAGAGTCTTCAGAGACAGCCAGGA-3′; β-catenin: forward, 5′-CAACTAAACAGGAAGGGATGGA-3′ and reverse, 5′-CTATACCACCCACTTGGCAGAC-3′; survivin: forward, 5′-TTCTCAAGGACCACCGCATC-3′ and reverse, 5′-GCCAAGTCTGGCTCGTTCTC-3′; c-myc: forward, 5′-GGAGGCTATTCTGCCCATTTG-3′ and reverse, 5′-CGAGGTCATAGTTCCTGTTGGTG-3′; cyclin D1: forward, 5′-ACAAACAGATCATCCGCAAACAC-3′ and reverse, 5′-TGTTGGGGCTCCTCAGGTTC-3′; E-cadherin: forward, 5′-AGGATGACACCCGGGACAAC-3′ and reverse, 5′-TGCAGCTGGCTCAAGTCAAAG-3′; snail: forward, 5′-GACCACTATGCCGCGCTCTT-3′ and reverse, 5′-TCGCTGTAGTTAGGCTTCCGATT-3′; vimentin: forward, 5′-AACCTGGCCGAGGACATCA-3′ and reverse, 5′-TCAAGGTCAAGACGTGCCAGA-3′; GAPDH: forward, 5′-GTCAACGGATTTGGTCGTATTG-3′ and reverse, 5′-CTCCTGGAAGATGGTGATGGG-3′. The procedure was performed according to the manufacturer's instructions.

Plasmids and siRNA Transfection {#S0002-S2011}
-------------------------------

For β-catenin knockdown analysis, small interfering RNAs (siRNA) targeting β-catenin were designed and synthesized by Shanghai GenePharma Ltd (Shanghai, China; 5′-GGACACAGCAAUUUGUTT-3′) and transfected into CRC cells (HCT116 and Lovo) using Lipofectamine 3000 transfection reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. Scrambled sequences with no homology to any human gene were used as negative controls. For the overexpression of β-catenin, HCT116 and Lovo cells were transduced with 5 μg of a pcDNA3.1-β-catenin overexpression plasmid (Shanghai GeneChem Co., Ltd, Shanghai, China); cells transfected with the empty pcDNA3.1 vector served as the control. To confirm that the constructs worked, cells were collected 24 h after transfection and β-catenin protein expression levels were detected by Western blot.

In vivo Tumor Growth and Metastasis Studies {#S0002-S2012}
-------------------------------------------

A total of 28 five-week-old male BALB/c nude (nu/nu) mice were obtained from Hunan SLAC JingDa Laboratory Animal Co., Ltd (Changsha, Hunan, China), and housed under specific pathogen free (SPF) conditions. All the animal experiments were performed according to the guidelines and regulations set by the Animal Care Committee of the First People's Hospital of Yunnan Province. This study was approved by the Animal Care Committee of the First People's Hospital of Yunnan Province.

For the in vivo xenograft model, a total of 16 male nude mice were subcutaneously injected with HCT116 cells (1 × 10^7^ cells in 0.2 mL of PBS) in the back. After 7--10 days, when the tumors had grown to approximately 100 mm^3^, the mice were randomized into four groups (4 mice/group) and received the following treatment by intraperitoneal injection for 30 days: (1) vehicle alone; (2) thymol at 75 mg/kg once every other day; (3) thymol at 150 mg/kg once every other day;[@CIT0028] or (4) doxorubicin at 2 mg/kg once a week. Thymol was dissolved in vehicle (1% DMSO). Mice in the control group received the same dose of vehicle without thymol. Mice body weights were examined daily during the study period and tumor volumes were measured once every 3 days using a caliper (volume = 0.5 × length × width^2^). Finally, mice were sacrificed by cervical dislocation following anesthesia using pentobarbital sodium (intraperitoneal injection; 30 mg/kg) and tumor xenografts were removed, weighed, and imaged.

For the lung metastasis model, HCT116 cells (1 × 10^6^) were intravenously injected into the tail vein of each mouse. The mice were then randomized into three groups (4 mice/group) and received the following treatment by intraperitoneal injection: (1) vehicle alone; (2) thymol at 75 mg/kg once every other day; or (3) thymol at 150 mg/kg once every other day. Thymol was dissolved in vehicle (1% DMSO). Mice in the control group received the same dose of vehicle without thymol. Six weeks after injection, the mice were sacrificed by cervical dislocation following anesthesia with pentobarbital sodium (intraperitoneal injection; 30 mg/kg). Lungs were immediately removed and tumors on the lung surface were counted.

Immunohistochemistry and Hematoxylin and Eosin Staining {#S0002-S2013}
-------------------------------------------------------

The excised tumors and pulmonary tissues were fixed in 4% formaldehyde for 24 h, parafﬁn-embedded, and sectioned (4-μm sections). Tissue sections were deparaffinized and stained with hematoxylin and eosin (H&E) for histological analysis. For immunohistochemistry, after blocking with 5% normal goat serum, sections were incubated with primary antibodies against ki-67 (1:200; Abcam), E-cadherin (1:100), β-catenin (1:100), or vimentin (1:200) (all Cell Signaling Technologies) at 4 °C overnight. Then, the sections were incubated with an HRP-conjugated secondary antibody.

Statistical Analyses {#S0002-S2014}
--------------------

Data are presented as mean ± SD of at least three experiments and analyzed by SPSS 21.0 software (IBM SPSS, Chicago, IL, USA). Statistical analysis among groups was performed by one-way analysis of variance, followed by a Dunnett's multiple comparison post-test. A *P*-value \< 0.05 was considered signiﬁcant, and two-sided tests were performed.

Results {#S0003}
=======

Thymol Isolation from *T. vulgaris* and Its Structural Characterization {#S0003-S2001}
-----------------------------------------------------------------------

Thymol was isolated from *T. vulgaris* ([Figure 1A](#F0001){ref-type="fig"}). Nuclear Magnetic Resonance (NMR) spectroscopy was used to elucidate the chemical structure, and mass spectrometry was performed to identify it as thymol. The spectral data of the isolated substance were as follows:^1^H NMR (400 Hz, CDCl~3~), δ: 1.24 (6H, d, J=6.9 Hz, H-9, 10), 2.27 (3H, s, H-7), 3.16 (1H, m, J=6.9 Hz, H-8), 4.61 (1H, s, -OH), 6.58 (1H, s, H-2), 6.73 (1H, d, J=7.7 Hz, H-5), 7.08 (1H, d, J=7.6 Hz, H-4);^13^C NMR (400 Hz, CDCl~3~), δ: 21.00 (C-7), 22.82 (C-9, 10), 26.89 (C-8), 116.17 (C-2), 121.82 (C-6), 126.39 (C-5), 131.57 (C-4), 136.75 (C-1), 152.69 (C-3). These data are similar to those previously reported.[@CIT0029]Figure 1Thymol suppresses proliferation, migration, invasion, and EMT in colorectal cancer (CRC) cells. (**A**) The chemical structure of thymol. (**B**) Antiproliferative effect of thymol on CRC HCT116 cells. (**C**) Antiproliferative effect of thymol on CRC Lovo cells. (**D**) Effects of thymol on the viability of human normal colon epithelial (FHC) cells. Cells were incubated with different concentrations (0, 10, 20, 40, 80, or 120 µg/mL) of thymol for 24, 48, or 72 h. The CCK-8 assay was used to assess cellular proliferation. DMSO (0.1%) was added as a control. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 vs the control group. (**E**) Representative images from the colony formation assay showing colonies formed by HCT116 and Lovo cells. Cells were treated with thymol at different concentrations (0, 20, or 40 µg/mL). DMSO (0.1%) was added as a control. \*\*\**P* \< 0.001 vs the control group. (**F**) Transwell migration and invasion assays were performed in HCT116 and Lovo cells. Cells were treated with thymol at different concentrations (0, 20, or 40 μg/mL). DMSO (0.1%) was added as a control. Cell migration was assessed at 24 h and invasion at 48 h in both HCT116 and Lovo cells. After migration and invasion, the cells on the lower side of the filter were fixed, stained, and counted. All the images were obtained at a ×100 magnification. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 vs the control group. (**G**) The expression of EMT-related proteins in thymol-treated CRC cells. E-cadherin, N-cadherin, Snail, vimentin, and β-actin were detected by Western blot in thymol-treated HCT116 and Lovo cells. Beta-actin was used as an internal control. All data are presented as mean ± SD of three independent experiments.

Thymol Suppresses Proliferation, Metastasis, and EMT in CRC Cells {#S0003-S2002}
-----------------------------------------------------------------

To assess the effect of thymol on CRC cells, HCT116 and Lovo cells were treated with thymol at different concentrations followed by CCK-8 assay. We found that thymol treatment significantly reduced the proliferative capability of HCT116 and Lovo cells in a dose- and time-dependent manner, with IC~50~ values of 41.46 µg/mL against Lovo cells and 46.74 µg/mL against HCT116 cells at 48 h ([Figure 1B](#F0001){ref-type="fig"} and [C](#F0001){ref-type="fig"}). The effect of thymol on FHC cells was also evaluated. As shown in [Figure 1D](#F0001){ref-type="fig"}, no cytotoxicity was observed against FHC cells after thymol treatment, even with exposure to the highest concentration tested (120 µg/mL). These results suggested that thymol inhibits CRC cell proliferation and is not toxic to normal colon epithelial cells. Meanwhile, the colony formation assay showed that the numbers of colonies were decreased in both thymol-treated groups when compared with the respective control groups (*P* \< 0.001; [Figure 1E](#F0001){ref-type="fig"}). To test the effect of thymol on the migratory and invasive ability of CRC cells, we performed transwell migration and invasion assays. The results of the transwell migration assay showed that thymol inhibited CRC cell migration in a concentration-dependent manner ([Figure 1F](#F0001){ref-type="fig"}, left). Consistent with the migration assay, the results of the cell invasion assay showed that thymol treatment could significantly reduce the number of invading CRC cells (*P* \< 0.05; [Figure 1F](#F0001){ref-type="fig"}, right). These data suggested that thymol exerts an antimetastatic effect in CRC. Since the EMT program is key for cell migration and invasion, we then assessed the effect of thymol on EMT in CRC cells. As shown in [Figure 1G](#F0001){ref-type="fig"}, thymol treatment led to a significant increase in the expression of E-cadherin, the most important epithelial EMT marker, whereas the expression of the EMT mesenchymal markers N-cadherin, vimentin, and Snail was reduced.

Thymol Induces Apoptosis and Cell Cycle Arrest in CRC Cells {#S0003-S2003}
-----------------------------------------------------------

Because apoptotic cell death plays an important role in cancer treatment,[@CIT0030],[@CIT0031] we next investigated whether thymol has an effect on the apoptosis of CRC cells. Hoechst 33258 staining was used to evaluate morphological changes occurring in the nucleus. The results revealed that thymol treatment induced nuclear condensation and fragmentation in a dose-dependent manner ([Figure 2A](#F0002){ref-type="fig"}). Flow cytometric analysis was subsequently performed in CRC cells treated or not with thymol. In HCT116 cells, the percentages of apoptotic cells were 1.5 ± 0.4% for the control group, 13 ± 1.9% for the 20 µg/mL thymol treatment group, and 21 ± 1.3% for the 40 µg/mL thymol treatment group. In Lovo cells, the percentages of apoptotic cells were 0.8 ± 0.2% for the control group, 8 ± 0.4% for the 20 μg/mL thymol treatment group, and 20 ± 1.0% for the 40 µg/mL thymol treatment group ([Figure 2B](#F0002){ref-type="fig"}).Figure 2Thymol induces apoptosis and cell cycle arrest in colorectal cancer (CRC) cells. (**A**) Effects of thymol on the nuclear morphology of CRC cells. Cells were treated with thymol at different concentrations (0, 20, or 40 µg/mL). DMSO (0.1%) was added as a control. After 48 h, the cells were fixed and stained with Hoechst 33258. The morphology of the cancer cells was observed under a fluorescence microscope (×200). (**B**) Flow cytometric analysis of apoptosis in CRC cells. Thymol treatment promoted cell apoptosis in a dose-dependent manner. \*\*\**P* \< 0.001 vs the control group. (**C**) HCT116 and Lovo cells were treated with thymol at different concentrations (0, 20, or 40 µg/mL) for 48 h. DMSO (0.1%) was added as a control. Bcl-2, BAX, cleaved caspase-3, and cleaved PARP protein expression was evaluated by Western blot. (**D**) The mRNA levels of BAX and Bcl-2 were evaluated by RT-qPCR. GAPDH was used as an internal control. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 vs the control group. (**E**) Cell cycle analysis by flow cytometry. Cells are treated with thymol at different concentrations (0, 20, or 40 µg/mL). DMSO (0.1%) was added as a control. Thymol treatment shortened the S phase and prolonged the G1 phase in HCT116 and Lovo cells. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 vs the control group. All data are presented as mean ± SD of three independent experiments.

To further determine the effect of thymol on CRC cell apoptosis, we performed Western blotting and measured the expression levels of apoptosis-related proteins, including BAX, Bcl-2, cleaved PARP, and cleaved caspase-3. As shown in [Figure 2C](#F0002){ref-type="fig"}, thymol treatment led to the upregulation of BAX expression and downregulation of that of Bcl-2, thereby increasing the BAX/Bcl-2 ratio. Similar results were obtained for the RT-qPCR analysis of the mRNA expression levels of Bcl-2 and BAX (*P* \< 0.05; [Figure 2D](#F0002){ref-type="fig"}). These results suggested that thymol can trigger mitochondria-dependent apoptosis. The expression levels of cleaved caspase-3 and cleaved PARP were also markedly increased following thymol treatment ([Figure 2C](#F0002){ref-type="fig"}).

To determine whether thymol has an effect on cell cycle distribution in CRC, flow cytometry was performed in HCT116 and Lovo cells treated or not with thymol. We found that thymol treatment greatly increased the percentage of cells in the G0/G1 phase and decreased that of cells in the S and G2/M phases ([Figure 2E](#F0002){ref-type="fig"}). In HCT116 cells, the percentage of cells in the G0/G1 phase increased from 59% to 79% after thymol treatment, while the percentage of cells in the S phase decreased from 31% to 14% and that of cells in the G2/M phase decreased by 3%. Similar trends were found in Lovo cells. These results suggested that thymol inhibits CRC cell proliferation through changing the cell cycle distribution.

Thymol Decreases CRC Growth and Metastasis in vivo {#S0003-S2004}
--------------------------------------------------

To investigate whether thymol is involved in CRC progression, we established a CRC xenograft mouse model by injecting HCT116 cells into BALB/c nude mice. Thymol treatment at both the 75--150 mg/kg concentrations resulted in a significant reduction in CRC growth when compared with the control group, but there was no significant difference between the group treated with 150 mg/kg thymol and the group treated with doxorubicin used as the positive control ([Figure 3A](#F0003){ref-type="fig"}--[C](#F0003){ref-type="fig"}). Accordingly, a greater number of necrotic lesions and lower level of Ki-67 expression associated with cell proliferation[@CIT0032] were observed in mice treated with thymol or doxorubicin when compared with the control group ([Figure 3D](#F0003){ref-type="fig"}). Because the Wnt/β-catenin pathway is reported to be hyperactivated in approximately 90% of CRC patients, we then investigated the effect of thymol on Wnt/β-catenin signaling in vivo. For this, we collected the xenograft-derived tumor tissues and measured the expression levels of β-catenin and its downstream targets, including cyclin D1, c-myc, and survivin, as well as the expression levels of EMT-associated molecules including E-cadherin, N-cadherin, vimentin, and Snail. As shown in [Figure 3E](#F0003){ref-type="fig"} and [F](#F0003){ref-type="fig"}, the expression levels of β-catenin, cyclin D1, c-myc, and survivin were significantly decreased in mice treated with thymol when compared with those of control mice. Similar results were observed for the expression of N-cadherin, vimentin, and Snail. In contrast, E-cadherin expression was upregulated after thymol treatment. Consistent with our in vitro findings, the expression of BAX was upregulated and that of Bcl-2 downregulated following thymol treatment. Our in vivo data indicated that thymol inhibits CRC growth and metastasis by suppressing Wnt/β-catenin signaling and the EMT program.Figure 3Thymol inhibits the growth of mouse xenograft colorectal cancer in vivo. Nude mice bearing colorectal cancer cell xenografts were treated with 2 mg/kg doxorubicin once a week and 75 or 150 mg/kg thymol every 2 days. Mice in the control group were treated with saline containing 1% DMSO. (**A**) Images of nude mice xenograft tumors after 30 days of treatment. (**B**) Tumor volume of the control, doxorubicin, and thymol treatment groups was measured and calculated once every 3 days. (**C**) Tumor weight in the control, doxorubicin, and thymol treatment groups. \*\**P*\<0.01, \*\*\**P*\<0.001 vs the control group. (**D**) Representative histological examinations of the dissected tumors using hematoxylin and eosin (H&E) staining (upper panel) and Ki-67 antibody staining (lower panel) following thymol treatment. RT-qPCR (**E**) and Western blot (**F**) analyses were performed to evaluate the expression levels of the indicated mRNAs and proteins, respectively. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 vs the control group. The results are shown as mean ± SD from three independent experiments.

To further verify the effect of thymol on CRC metastasis, we established a mouse model of lung metastasis by injecting HCT116 cells into the tail vein of mice. The injected mice were randomized into three groups and treated or not with thymol at the concentration of 75 mg/kg or 150 mg/kg. After six weeks, we found that the average number of tumor nodules on the surface of lungs from the two treatment groups was significantly lower than that in the control group ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}). Similar to the changes observed in the levels of EMT-associated proteins in the xenograft mice, the expression of β-catenin and vimentin was downregulated and that of E-cadherin upregulated in lung metastasis tissues obtained from thymol-treated mice ([Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}).Figure 4Thymol reduces colorectal cancer (CRC) lung metastasis. (**A**) Representative images of lungs with metastatic nodules (upper panel) and images of hematoxylin and eosin (H&E) staining of mouse lung tissues in the control and thymol-treated groups (lower panel). (**B**) Lung metastatic nodules were examined and quantiﬁed in the control and thymol-treated groups. \*\**P*\<0.01 vs the control group. (**C**) The mRNA expression levels of E-cadherin, vimentin, Snail, and β-catenin were measured in lung tissues. \**P* \< 0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 vs the control group. The results are shown as mean ± SD from three independent experiments. (**D**) Representative images of β-catenin, vimentin, and E-cadherin immunohistochemical staining in lung tissues.

Thymol Inhibits the Wnt/β-Catenin Signaling Pathway {#S0003-S2005}
---------------------------------------------------

Next, we examined the effect of thymol on the Wnt/β-catenin pathway in vitro. As shown in [Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}, both the mRNA and protein expression levels of β-catenin, c-myc, cyclin D1, and survivin were significantly downregulated in thymol-treated HCT116 or Lovo cells compared with the corresponding controls.Figure 5Thymol suppresses the activation of the Wnt/β-catenin signaling pathway in colorectal cancer (CRC) cells. HCT116 and Lovo cells were treated with different concentrations of thymol (0, 20, or 40 μg/mL) for 48 h. DMSO (0.1%) was added as a control. Cell total RNA and proteins were extracted. (**A**) RT-qPCR was performed to analyze the mRNA expression of β-catenin, c-Myc, cyclin D1, and survivin following thymol treatment. GAPDH was used as an internal control. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 vs the control group. (**B**) Western blotting analysis of β-catenin, c-myc, cyclin D1, and survivin protein expression following thymol treatment. Beta-actin was used as an internal control. All data are presented as mean ± SD of three independent experiments.

Thymol Inhibits CRC Growth and Metastasis via Suppressing the Wnt/β-Catenin Signaling Pathway {#S0003-S2006}
---------------------------------------------------------------------------------------------

To further evaluate the effect of thymol on the Wnt/β-catenin pathway, we performed loss- and gain-of-function studies. As shown in [Figure 6A](#F0006){ref-type="fig"}, β-catenin expression was decreased after β-catenin siRNA transfection and increased after transfection with a β-catenin-overexpression plasmid in HCT116 and Lovo cells. We found that cotreatment with thymol and β-catenin siRNA synergistically inhibited cell proliferation ([Figure 6B](#F0006){ref-type="fig"}, left), invasion, and migration ([Figure 6C](#F0006){ref-type="fig"}, left); in contrast, overexpression of β-catenin abolished the inhibitory effect of thymol on cell proliferation ([Figure 6B](#F0006){ref-type="fig"}, right), invasion, and migration ([Figure 6C](#F0006){ref-type="fig"}, right) in CRC cells. To further clarify the mechanisms underlying the antitumoral effect of thymol, we investigated cell apoptosis and invasion-induced gene expression alterations. We found that β-catenin overexpression in HCT116 cells could decrease the expression of BAX and E-cadherin and increase that of Bcl-2, vimentin, and Snail, while thymol treatment could partially reverse these changes ([Figure 6D](#F0006){ref-type="fig"}, left). In contrast, thymol and β-catenin siRNA cotreatment synergistically increased the expression of BAX and E-cadherin and decreased that of Bcl-2, vimentin, and Snail ([Figure 6D](#F0006){ref-type="fig"}, right). These findings suggested that thymol inhibits CRC cell proliferation, invasion, and migration by suppressing Wnt/β-catenin signaling.Figure 6Thymol inhibits colorectal cancer (CRC) cell proliferation, migration, and invasion by suppressing Wnt/β-catenin signaling. HCT116 and Lovo cells were transfected with β-catenin siRNA (si-β-catenin)/negative control siRNA (si-NC) or the pcDNA3.1-β-catenin plasmid (β-catenin)/pcDNA3.1 (vector). (**A**) Western blot analysis of β-catenin expression in HCT116 and Lovo cells after transfection with β-catenin siRNA, pcDNA3.1-β-catenin, or the corresponding controls for 24 h. (**B**) At 24 h post transfection, the cells were exposed to different concentrations of thymol (0, 10, 20, 40, 80, or 120 µg/mL) and cell proliferation was quantified at 48 h. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 vs the control group. (**C**) At 24 h post transfection, cells were plated into the upper chamber of a transwell plate and treated with thymol (40 μg/mL). After 24 h of incubation, the migratory and invasive abilities were assessed. Cells were stained and imaged under a microscope (×100 magnification). \*\**P*\<0.01, \*\*\**P*\<0.001 vs the control group. (**D**) At 24 h post transfection, cells were treated with thymol (40 μg/mL) for 48 h. The expression levels of β-catenin, BAX, Bcl-2, E-cadherin, vimentin, and Snail were measured by Western blotting, and normalized to β-actin expression. All data are presented as mean ± SD of three independent experiments.

Discussion {#S0004}
==========

In the present study, we extracted thymol from *T. vulgaris*. Through experiments, we demonstrated that thymol can inhibit cell proliferation, migration, invasion, and EMT in CRC cells; both in vitro and in vivo, indicating that thymol has antitumoral activity against CRC. Moreover, we found that these effects were exerted through inhibition of Wnt/β-catenin pathway activity, as well as regulation of the β-catenin downstream targets cyclin D1, c-myc, and survivin.

Studies have revealed the role of thymol in several types of malignant tumors. In bladder cancer, thymol can significantly induce cell-cycle arrest and apoptosis, thereby inhibiting cell proliferation.[@CIT0033] Thymol also inhibits human colon cancer cell migration and invasion in vitro, possibly through the activation of the PI3K/AKT and ERK pathways.[@CIT0026] Additionally, thymol has been shown to promote Ca2^+^-dissociated cell death in PC3 human prostate cancer cells.[@CIT0034] However, the effective thymol concentrations and the mechanism underlying the effects of thymol in different types of tumors remain uncertain. In the present study, we extracted thymol from *T. vulgaris* and revealed that thymol potently inhibited the proliferative ability of CRC cells with an IC~50~ lower than 50 µg/mL. Thymol clearly induced cell-cycle arrest and apoptosis, and significantly suppressed CRC cell migration and invasion in vitro. Importantly, we showed that thymol was noncytotoxic to normal colon epithelial (FHC) cells. Moreover, in vivo, thymol treatment significantly inhibited the growth of subcutaneous CRC xenografts in nude mice, and decreased the number of lung metastatic lesions in mice injected with CRC cells.

Apoptotic cell death has been widely investigated in relation to the treatment of malignant tumors,[@CIT0035] and thymol has been shown to induce apoptosis and cell cycle arrest in hepatocellular carcinoma cells.[@CIT0036] We also observed that thymol induced CRC cell apoptosis after 48 h of treatment. Furthermore, we found that thymol treatment clearly decreased the expression level of Bcl-2, whereas those of BAX, cleaved caspase-3, and cleaved PARP were markedly increased. Expression of Bcl-2 and BAX-family proteins causes the release of cytochrome c, which subsequently activates caspase-3 and PARP, finally resulting in apoptosis.[@CIT0037] Additionally, similar results were observed in a HCT116 xenograft mouse model, in which tumor development was signiﬁcantly suppressed compared with that in the control group. mRNA and protein expression of apoptosis-associated molecules extracted from tumors also showed the same tendencies as those of the results obtained in vitro.

Wnt/β-catenin signaling has well-characterized roles in tumorigenesis and metastasis, cancer stem cells, and drug resistance. Beta-catenin is not only the key effector of the Wnt/β-catenin pathway, but is also an important initiator of the EMT program, a crucial step in cancer metastasis whereby epithelial cells lose their polarity and cell-adhesion properties.[@CIT0038],[@CIT0039] Accumulated evidence has revealed that activation of the Wnt/β-catenin pathway facilitates EMT, thereby enhancing the invasive and metastatic phenotypes of various tumors by activating transcription factors such as Twist and Snail.[@CIT0040] Inhibition of β-catenin expression leads to the downregulation of Wnt/β-catenin signaling activity. In the current study, we observed that thymol treatment could downregulate the expression levels of vimentin, Snail, and N-cadherin, and upregulate those of E-cadherin. Furthermore, we showed that thymol significantly downregulated β-catenin levels in CRC cells, resulting in significant decreases in the expression of downstream targets such as cyclin D1, c-myc, and survivin. Following thymol treatment, the levels of Wnt/β-catenin pathway components and EMT markers, including vimentin, Snail, and N-cadherin, were also significantly downregulated, whereas those of E-cadherin were markedly increased, in both CRC xenograft tumor tissues and lung tissues with tumor metastatic nodules. Importantly, β-catenin knockdown significantly enhanced the thymol-mediated inhibition of the proliferative and metastatic potential of CRC cells. Conversely, ectopic overexpression of β-catenin not only significantly neutralized the antiproliferative effect of thymol, but also attenuated the thymol-induced motility restriction in CRC cells. These results suggested that disruption of the Wnt/β-catenin pathway may be the primary mechanism underlying the thymol-mediated antiproliferative and antimetastatic effects in CRC.

Conclusions {#S0005}
===========

Collectively, our results showed that thymol, a natural product derived from Chinese herbal medicine, inhibited CRC cell proliferation and metastasis and induced cell apoptosis and cell-cycle arrest. Our data further indicated that thymol likely exerts these effects by suppressing the Wnt/β-catenin signaling pathway. Our study showed that thymol is safe and has good anticancer effects, and highlights that thymol has potential for use in the treatment of CRC.
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